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Sustainable management of exploited marine fish and wildlife populations requires 
knowledge about their productivity. Survival from natural causes of mortality is a key 
component of population productivity, but is notoriously difficult to estimate. We evaluate 
the potential for acoustic telemetry as a long-term monitoring tool to estimate rates of 
natural mortality. We present a Bayesian multistate mark-recapture model for telemetry 
data collected over a decade from 188 Atlantic bluefin tuna (Thunnus thynnus) and apply 
it to estimate the rate of natural mortality using only acoustic tag detections for all animals, 
or using acoustic tag detections for 96 single-tagged tuna plus acoustic tag detections 
combined with estimated positions from pop-up satellite archival tags for 92 double-
tagged animals. We support the model for bluefin tuna with a simulation study to quantify 
bias in estimates of population dynamics parameters and investigate the effect of auxiliary 
information from satellite tagging on mortality rate estimates for different acoustic tag 
detection probability scenarios.

We obtained posterior estimates of the instantaneous annual natural mortality (survival) 
rate across a decade of tagging for Atlantic bluefin tuna of 0.17 yr-1 (0.84 yr-1) both using 
only acoustic tagging data, and using a combination of acoustic and satellite tagging 
data. Use of a prior implying a higher rate of fishing mortality yielded an instantaneous 
annual natural mortality (survival) estimate of 0.10 yr-1 (0.90 yr-1), with combined acoustic 
and satellite tag data. Results from the simulation study indicate that the use of satellite 
tags can improve the precision and accuracy of estimates of detection probabilities, area-
specific movement probabilities and mortality rates, where the extent of the improvement 
depends on true underlying acoustic tag detection probabilities. Our work demonstrates 
that long-term acoustic tagging data sets have strong potential for monitoring of highly 
migratory marine fish and wildlife populations, providing information on a number of key 
parameters, including survival and movement rates. However, improved information on 
tag reporting rates or fishing mortality is needed to better separate natural and fisheries 
mortality for Atlantic bluefin tuna.
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INTRODUCTION

The sustainable management of exploited populations relies on 
knowledge of fundamental biological and ecological processes 
such as population growth rate and movement. Population 
productivity is of primary interest to ecologists and managers 
since it determines the total number of individuals or biomass 
that can be removed in a sustainable manner. The rate of natural 
mortality is an important driver of productivity (Clark, 1999; 
Williams, 2002), but is notoriously difficult to estimate (Brodziak 
et  al., 2011). Mark–recapture analyses of conventional tagging 
data, i.e. using tags that simply identify individuals such as T-bar 
anchor tags and spaghetti tags, can yield estimates of movement 
rates (Sibert et  al., 1999) and rates of fishing (F) and natural 
(M) mortality (Brownie et al., 1985; Hoenig et al., 1998) where 
estimates of the tag reporting rate are available. Telemetry (the 
remote observation of animals using electronic tags and receivers) 
is an increasingly popular method for monitoring the dynamics 
of marine animal populations (Hussey et al., 2015; Lennox et al., 
2017; Harcourt et al., 2019: Whoriskey et al., 2019). In the marine 
environment, acoustic telemetry that uses hydrophone receivers 
to detect signals transmitted by electronic tags is gaining in 
spatial coverage and coordination. This has been facilitated by 
both decreasing cost of tags and the proliferation of fixed receiver 
grids or arrays that allow for continuous long-term monitoring 
of tagged animals (e.g. Ocean Tracking Network, OTN; O’Dor 
and Stokesbury 2009; Cooke et  al., 2012). Acoustic telemetry 
has greatly enhanced our understanding of the spatial ecology of 
marine animals (Villegas-Ríos et al., 2020), but highly migratory 
fishes can present additional challenges for reliable estimation of 
demographic parameters, owing to the fact that receiver coverage 
is likely to be low over parts of their range. In such cases, 
positional information from other telemetry technologies (for 
example, pop-up satellite or PSAT tags that archive data while 
attached to an animal until a pre-programmed release data when 
they detach, float to the surface, and transmit data to a satellite), 
should be a useful aid to interpretation of data from acoustic 
tagging experiments.  Telemetry studies can yield more precise 
estimates of component mortality rates (i.e. fishing and natural 
mortality rates) and movement, compared with conventional 
tagging studies, by facilitating multiple observations on the 
same individual through time that are independent of fisheries 
(Dudgeon et al., 2015; Byrne et al., 2017; Hightower and Harris, 
2017; Block et al., 2019). At smaller spatial scales (lakes, streams 
etc.) with concentrated detection effort, direct observations of 
natural mortality may be possible, e.g. when a fish is located at the 
same site on repeated searches or sampling occasions (Hightower 
et al., 2001; Pollock et al., 2004; Bacheler et al., 2009). At larger 
spatial scales and for long-lived species, models for telemetry 
data need to utilise other available information to disentangle 
natural mortalities from other fates where transmissions from 
tags attached to the animal cease.

Multistate mark–recapture models (Arnason, 1973; Schwarz 
et al., 1993) extend traditional mark-recapture models to allow 
individuals to move between a finite set of categorical states 
between occasions (Lebreton and Cefe, 2002; Pradel, 2005; 
Gimenez et  al., 2007). These states can be either geographical 

sites or categorical variables like reproductive status or size 
class (Lebreton and Cefe, 2002; Arnason and Cam, 2004) 
Multistate models permit estimation of state-specific survival 
rates, transition probabilities and observation probabilities (for 
example, it might only be possible to observe animals at a certain 
site or in their breeding state). State-space models are hierarchical 
models with two components; a process model that describes the 
natural stochasticity in ecological processes, and an observation 
model that describes the error associated with sampling or 
observing animals, given their current state (de Valpine and 
Hastings, 2002; Auger Méthe et al., 2021; Newman et al., 2022). 
In a state-space framework, multistate mark–recapture models 
allow for probabilistic transition of individuals between a set 
of latent states (Gimenez et  al., 2007; Kéry and Schaub, 2012). 
Separation of demographic parameters from nuisance parameters 
such as detection probabilities through the use of separate state 
and observation equations permits fitting of complex models in 
this framework (Clark, 2005; Pradel, 2005; Pedersen and Weng, 
2013; Auger-Méthé et al., 2021). To date, examples of fitting of 
spatially explicit multistate mark-recapture models in a state-
space framework can predominantly be found in the terrestrial 
ecology literature (e.g. Gimenez et  al., 2007; Royle, 2008), but 
both such approaches have been recommended for analysis of 
telemetry data in aquatic environments (Whoriskey et al., 2019), 
and aquatic applications are increasing in number (e.g. Raabe 
et al., 2014; Lecomte et al., 2020).

Atlantic bluefin tuna Thunnus thynnus, is a highly migratory 
and long-lived species that is distributed throughout the North 
Atlantic Ocean and exploited by fisheries throughout its range. It is 
currently managed as two stocks (western and eastern, separated 
by the 45°  meridian) by the International Commission for the 
Conservation of Atlantic Tunas (ICCAT), with both populations 
considered to be in a rebuilding phase (ICCAT, 2017; Porch et al., 
2019) following earlier overfished designations (ICCAT, 2008; 
ICCAT, 2010). Data from electronic tagging have provided a 
wealth of information on the biology and ecology of bluefin tunas, 
including rates of movement, population mixing and mortality (see 
Block et  al., 2019 and references therein). Improved knowledge 
about population-specific productivity and movements is key to 
rebuilding bluefin tuna stocks.

For highly migratory marine species such as bluefin tuna, 
detection effort with acoustic systems is likely to take the form of 
fixed receiver arrays that provide only sparse coverage over much 
of the species’ range. This creates additional challenges for the 
interpretation of acoustic telemetry data, since natural mortalities 
cannot easily be observed or inferred. Below, we present a state-
space Bayesian implementation of the multistate mark-recapture 
model for acoustic and satellite tag telemetered Atlantic bluefin 
tuna (ABT). The model extends the Bayesian multistate model 
for acoustic tagged ABT in Block et  al. (2019), by adding data 
from satellite tags to estimate survival rates and spatial movement 
patterns, and extending the spatial structure from two to four 
geographical areas. Our model builds on earlier studies (e.g. 
Hightower and Harris, 2017; Scheffel et al., 2019) by combining 
spatial structure with increased accounting for uncertainty 
through including a greater number of fates for tagged fish (non-
negligible probabilities of transmitter failure, tagging-related 
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mortality and non-reporting of recaptured tags). We evaluate two 
models for ABT; using all the available information, with double 
tagging (acoustic and satellite tags) for 92 out of 188 fish plus single 
tagging (acoustic tag only) for 96 out of 188 fish, or using acoustic 
tag information only for all 188 fish. To support interpretation of 
results from these two models, we quantify the expected gains in 
precision in estimates of population dynamics parameters when 
using auxiliary data from PSAT tags using simulated data.

MATERIALS AND METHODS

We used data from 188 tagged ABT (184 released in the Gulf of 
St. Lawrence, Canada and four released in the waters off North 
Carolina, USA). Data collection was initiated in 2009 in Canada 
and detections from fish tagged up to and including autumn 2018 
are analysed in this study (last acoustic detection in November 
2020). Releases from autumn 2019 onwards were omitted from 
the final model, owing to truncation of the acoustic detection 
data for these releases (it takes several years to accumulate time 
series of detections that would be informative about mortality 
rates). A total of 96 Atlantic bluefin tuna were electronically 
tagged and released with single V16-4H or V16-6H Vemco 
acoustic tags, while 92 ABT were tagged and released with both 
acoustic and satellite tags simultaneously (several generations of 
pop-up satellite archival tags or PAT tags were used, primarily the 
Mk10 PAT weighing 77 g and the newer and smaller MiniPAT 
weighing 67g, both from Wildlife Computers Inc.). Tagging data 
are summarized in Table S1, and details of tagging protocols can 
be found in the Supporting Information.

Acoustic detections were obtained across a wide array of 
receivers along the North American coastline however the majority 
of tag detections for ABT tagged in this study occurred on VR4 
UWM acoustic receiver lines that were deployed and maintained 
by the Ocean Tracking Network (OTN). The Cabot Strait Line 
receiver array enclosing the Gulf of St. Lawrence (GSL) was 
partially deployed in 2009 and completed in late 2011. It provides 
an electronic “gate” that the Atlantic bluefin tuna must swim past 
on entering or exiting the GSL foraging grounds (Figure  1A). 
The completion of the OTN lines enabled monitoring of long-
term movements of bluefin tuna acoustically tagged on their GSL 
foraging grounds (Block et al., 2019). In addition, the Halifax Line, 
completed in 2007, provides a line of complete coverage across the 
Scotian Shelf (Figure  1A). Additional deployments of receivers 
along the eastern seaboard of North America from Newfoundland 
to the Gulf of Mexico, Bahamas and in the Strait of Gibraltar 
provided opportunistic detections (Figure 1B) and many of these 
receivers were seasonally, annually or occasionally removed during 
the course of the study. Data from receivers in North America was 
collected via individual exchange of data from receiver downloads 
that were obtained with the help of Vemco/InnovaSea and various 
networks. For satellite tags, we use posterior median estimates of 
daily position (latitude and longitude) from a Bayesian state-space 
geolocation model (see Block et al., 2011; Winship et al., 2012 and 
Wilson et al., 2015 for details).

In addition to acoustic tag detections and daily positions 
from satellite tags, we use fisheries recaptures of tagged fish 

where available, including information on the date and location 
of recapture.

State-Space Multistate  
Mark–Recapture Models
States in the spatially-structured mark-recapture models 
correspond to an animal’s survival status (dead or alive), spatial 
area and the status of tags. In this study, we chose to model the 
main reason for tag detections to cease for fish that are still alive 
for each tag type. This slightly reduces the complexity of the 
model for double-tagged animals (accounting for states where the 
acoustic tag is shed and including information on which tags are 
attached at recapture would mean an additional twelve states in 
our framework). Furthermore, information on the number of tags 
still attached at recapture was not available in all cases. For ABT, we 
thus consider whether acoustic tags are still transmitting or have 
exceeded their battery life, and for satellite tags whether they remain 
attached or have popped-up from the animal. The assumptions 
made in this study are similar to those applied elsewhere in 
applications of multistate models to telemetry data (e.g. Hightower 
et al., 2001; Hightower and Harris, 2017). These are as follows: 1) 
mortality rates and detection probabilities are equal for all tagged 
individuals (in the case of acoustic tag detection probabilities, this 
means that they are equal within an area and time stratum); 2) the 
fates of tagged fish are independent, and 3) long-term (type-II) 
shedding of acoustic tags with two point attachments is negligible.

The models for ABT have a two-month time step with six 
“seasons” per year (January-February, March-April, May-June, 
etc.) for estimation of movement rates. Since each two-month time 
step comprised multiple position observations for both acoustic 
and satellite tag data, but only one area was specified per time 
step in the model, individuals were assigned to areas based on the 
greatest occupancy in terms of number of days spent in each area 
during that time step (see details under Observations models).

Different state and observation vectors are needed to deal 
with ABT with only acoustic tags vs. ABT with both acoustic and 
satellite tags, to account for the different numbers of possible states 
(Tables  1, S2). Below, we present equations for double tagged 
ABT that apply to 92 tagged animals in the model with both tag 
types. Equations for single (acoustic) tagged fish that apply to 
the remaining 96 fish, and to all 188 tagged fish in the acoustic 
only model can be found in the Supporting Information. We 
estimate separate rates of fishing and natural mortality, although 
precise estimates of tag reporting rates were unavailable. In order 
to address uncertainty stemming from potential confounding 
of fishing and natural mortality rates, we therefore compared a 
base case fishing mortality prior (uninformative with a relatively 
low prior median of 0.08 yr-1), with an alternative prior based on 
estimates for the period 1990-2006 from an earlier study (Kurota 
et al., 2009), that implies a higher level of fishing mortality. Priors 
for model parameters can be found in Table 2.

Model Spatial Structure
Spatial areas in the state-space survival model are based on 
areas used by ICCAT for the assessment of Atlantic bluefin tuna 
stocks. Some of the spatial areas used by ICCAT were combined 
for purposes of this analysis. The areas are defined as: inside the 
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Gulf of St. Lawrence (area 1), where acoustic detection effort is 
concentrated; western Atlantic (area 2), Gulf of Mexico (area 3), 
and eastern Atlantic and Mediterranean (area 4) (Figure 1B).

Multistate Model for Acoustic and Satellite 
Tagged ABT
The state-space multistate mark-recapture model comprises 
a state transition equation that describes the probabilities for 
animals to move among states from time t to t+1, conditional 
on their current state, paired with an observation equation 
that describes the probability of the observed datum at time t, 

conditional on the animal’s state at time t. In the model for ABT, 
transition probabilities between different states are products 
of movement rates, survival rates, and parameters governing 
acoustic tag malfunction and satellite tag release. Movement 
is assumed to occur before fishing in each time step, and it is 
assumed that tagging related mortality takes place before fishing 
mortality, so that individuals dying from tagging related causes in 
the first time step are not available to the fishery. In the equations 
that follow, subscripts i and t denote individual and time step, 
respectively. ri denotes the time step of release for individual i, 
s(t) denotes the season of the year for time step t and y(t) denotes 
the year for time step t.

FIGURE 1 |    (A) Locations of acoustic detections in Canadian and North American waters (B) Spatial areas for the 4-area multistate mark-recapture model. Area 
1, Gulf of St. Lawrence; area 2, western Atlantic; area 3, Gulf of Mexico; area 4, eastern Atlantic and Mediterranean. The acoustic detection count by region is 
indicated by the graduated symbols. This map was generated in ESRI ArcMap software (Version:10.3.1 & http://desktop.arcgis.com/en/arcmap/10.3/main/get-
started/whats-new-in-arcgis-1031.htm).
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Survival probabilities (φt,k)  for time step t and area k are 
obtained using area- and year-specific rates of fishing mortality 
together with natural mortality:  φt,k=exp(−(M+Fy(t),k)),  
where Fy,k=F.yry,k/6 and M=M.yr/6. We constrained rates of fishing 
mortality within the Gulf of St. Lawrence, western Atlantic, and 
Gulf of Mexico to be equal within a given year. The rate of total 
instantaneous mortality Zy(t),k is defined as: Zy(t),k= M+Fy(t),k.

Seasonal movement rates θj,k,s(t) denote the probability to 
move between areas j and k in season s. We use a two-month 
time step to capture intra-annual seasonal movement patterns 
that have been documented in other studies (Block et al., 2001; 
Walli et al., 2009).

The probability that an acoustic tag will malfunction or cease 
to transmit t-ri time steps after release (ωi,t) is assumed to follow 
a logistic curve: 

ω
υωi t

i it r W, = + − − −( )( )
1

1 1exp
, t-ri <Wi 

ω
υωi t

i it r W, = + − − −( )( )
1

1 2exp , t-ri ≥Wi

where Wi is the number of time steps at large at which the 
probability to stop transmitting equals 0.50 for individual i and 
ν ω
1  and ν ω

2  are slopes of the logistic curve for acoustic tag life, 
describing the variability in the time to cease transmitting. We 
assume that the logistic curve has higher steepness on the right 
hand side (after the pre-programmed tag life) controlled by ν ω

2 , 
so that there is a non-zero probability of tag failure from release 
and up to the programmed date, but after this the probability 
increases steeply. Information about priors for Wi values (in 
days) can be found in Table 2.

Earlier studies (e.g. Wilson et al., 2015) have indicated that in 
deployments of satellite tags on ABT, a non-negligible proportion 
of tags do not report or malfunction and fail to transmit data. 
Since it may not be possible to distinguish these from tags 
attached to animals that died, and estimation of survival was 
an objective of our analysis, we chose to keep these tags in the 
model. The loss of satellite tags from the study is described by a 
term (κi,t), whose interpretation depends on the time step. In the 
time step of release i.e. t=ri, it represents the proportion of tags 
that will not report data during the study (e.g. as a result of tag 
malfunction): κi,t=ξ. In later time steps it denotes the probability 

TABLE 1 | State and observation vectors in the multistate mark–recapture model for acoustic and satellite tagged ABT.

Random state vector Xi,t Interpretation

 (1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0) Alive; transmitting acoustic and attached satellite tag in area 1
 (0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0) Alive; transmitting acoustic tag, released satellite tag in area 1
 (0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0) Alive; non-transmitting acoustic tag, attached satellite tag in area 1
 (0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0) Alive; transmitting acoustic and attached satellite tag in area 2
 (0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0) Alive; transmitting acoustic tag, released satellite tag in area 2
 (0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0) Alive; non-transmitting acoustic tag, attached satellite tag in area 2
 (0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0) Alive; transmitting acoustic and attached satellite tag in area 3
 (0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0) Alive; transmitting acoustic tag, released satellite tag in area 3
 (0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0) Alive; non-transmitting acoustic tag, attached satellite tag in area 3
 (0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0) Alive; transmitting acoustic and attached satellite tag in area 4
 (0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0) Alive; transmitting acoustic tag, released satellite tag in area 4
 (0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0) Alive; non-transmitting acoustic tag, attached satellite tag in area 4
 (0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0) Dead (fishing mortality) area 1
 (0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0) Dead (fishing mortality) area 2
 (0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0) Dead (fishing mortality) area 3
 (0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0) Dead (fishing mortality) area 4
 (0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0) Alive; non-transmitting acoustic tag, released satellite tag in area 1
 (0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0) Alive; non-transmitting acoustic tag, released satellite tag in area 2
 (0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0) Alive; non-transmitting acoustic tag, released satellite tag in area 3
 (0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0) Alive; non-transmitting acoustic tag, released satellite tag in area 4
 (0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1) Dead (natural mortality)
Random observation vector Yi,t Interpretation
 (1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0) Acoustic and satellite detection in area 1
 (0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0) Acoustic detection only in area 1
 (0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0) Satellite detection only in area 1
 (0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0) Acoustic and satellite detection in area 2
 (0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0,0) Acoustic detection only in area 2
 (0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0) Satellite detection only in area 2
 (0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0) Acoustic and satellite detection in area 3
 (0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0) Acoustic detection only in area 3
 (0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0) Satellite detection only in area 3
 (0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0) Acoustic and satellite detection in area 4
 (0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0) Acoustic detection only in area 4
 (0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0) Satellite detection only in area 4
 (0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0) Reported recapture in area 1
 (0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0) Reported recapture in area 2
 (0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0) Reported recapture in area 3
 (0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0) Reported recapture in area 4
 (0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1) Not encountered
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that a satellite tag will pop-off from the fish t-ri time steps after 
release: 

κ
υκi t

it r K, = + − − −( )( )
1

1 1exp
, t-ri < K,

 κ
υκi t

it r K, = + − − −( )( )
1

1 2exp
, t-ri ≥ K,

where K is the number of time steps at which the probability of 
pop-up equals 0.50 and υκ

1  and υκ
2  are the slopes of the logistic 

curve for time to pre-programmed release date for satellite tags. 
It is common for pop-up satellite tags to release prior to their 
programmed release time. Reasons for early release include 
(but are not limited to) pin breakage, nose-cone failure, tether 
wearing and dart dislodging (Kurota et  al., 2009). We assume 
that the probability of release is highest in the programmed time 
step with an asymmetry in the steepness of the logistic function, 
so that the probability of pop-up is higher in the time-steps 

immediately after the programmed date, compared with the time 
steps preceding it.

Tagging related mortality is assumed to act in the time step 
of release. This is implemented in the model by using term ρt  to 
denote the proportion of fish that survives tag-related mortality 
(ρt<1  in the release time step only):

ρt=(1−ηini), t=ri,
ρt=1, t>ri,

where ηini is the proportion of fish that dies from tagging related 
causes. In this study, both acoustic and satellite tags were 
externally attached and in the absence of other information we 
assume that tagging related mortality is equivalent for fish tagged 
with single acoustic or both acoustic and satellite tags (i.e. the 
addition of a satellite tag does not lead to a higher probability of 
tagging related mortality).

Transition probabilities between states for individual i at time 
t, Xi.t and time t+1, Xi.t+1 are summarized by the state transition 
equation. In this transition equation, rows represent “from” 

TABLE 2 | Parameters estimated in the mark-recapture model for ABT and their priors. 

Parameter Definition Prior

Annual instantaneous natural mortality  
rate M.yr

Instantaneous rate of death from natural causes Posterior mean for ages 9+ from Kurota et al., 2009.  
Lognormal prior: median 0.10, standard deviation 0.50.

Acoustic detection probability πyr,k Probability of detecting an acoustic tagged ABT  
in year yr on a hydrophone in area k, for fish in area k  
in year yr with a functioning acoustic tag.

Beta(1,1) (uninformative)

Satellite tag detection probability  πsat Probability of detecting a satellite tagged ABT (equal  
across time and area strata), for fish with an attached  
satellite tag.

Beta (95,5)

Area transition probabilities θj,k,s Probability of moving from area j to k in season s Dirichlet(αj,k,s), where αj,k,s ~Beta(20, 20)
Wi Number of time steps with a 50% probability of  

acoustic tag failure
Vemco tests of tag battery life, plus tests of tags with  
progammed kill switch. Lognormal prior: median equal to 
expected tag life (see Table S1), standard deviation 0.20.

K Number of time steps with a 50% probability of  
satellite tag failure

Based on pre-programmed pop-up date. Lognormal prior:  
median of 6 time steps (1 year), standard deviation of 0.71.

υω
1

Slope of the logistic curve for acoustic tag life Lognormal: median 0.5, standard deviation 0.45. Upper  
bound of 1.

υκ
1

Slope of the logistic curve for satellite tag life Lognormal: median 0.5, standard deviation 0.45. Upper  
bound of 1.

δ
ω

Ratio of υω
2  to υω

1  (υω
2  is the slope of the logistic  

curve on or after the pre-programmed tag life).

Lognormal; median 2.72, standard deviation 0.71. Lower  
bound of 1.

δ
κ

Ratio of υκ
2  to υκ

1  υκ
2  is the slope of the logistic curve  

on or after the pre-programmed pop-up date).

Lognormal; median 2.72, standard deviation 0.71. Lower  
bound of 1.

Instantaneous annual rate of fishing  
mortality, Fyr,k

Instantaneous rate of death from fishing mortality in year  
yr and area k, base case prior.

Lognormal; median 0.08, standard deviation 0.71.

Instantaneous annual rate of fishing  
mortality, Fyr,k

Instantaneous rate of death from fishing mortality in year  
yr and area k, alternative prior.

Western Atlantic (Fyr,1) Lognormal; median 0.16, standard 
deviation 0.34. 
Eastern Atlantic (Fyr,2) Lognormal; median 0.33, standard  
deviation 0.32. 
Based on medians from Table 5 of Kurota et al., 2009,  
ages 9+-

Tagging related mortality, ηini Proportion of tagging related mortalities Estimate of catch and release mortality for ABT of 0.05 
(Stokesbury et al., 2011). Beta(2.5,47.5) prior.

Non-reporting rate, satellite tags ξ Proportion of satellite tags malfunctioning from deployment Based on proportion of non-reporting tags (0.27, N=92) for 
satellite tags not used in this analysis, from Wilson et al.,  
2015, accounting for prior tagging mortality rate, so that  
sum of prior means for tagging mortality plus non-reporting  
equals 0.20. Beta(3,17) prior

Tag reporting rate λ Probability that a recaptured tag is reported Uninformative Beta(1,1) prior.

1Standard deviations of Lognormal distributions are given as the standard deviation of log(x).
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states, and columns “to” states; there are 21 rows and columns corresponding to different states in the model. States 1-12 correspond to fish that are alive with a transmitting 
acoustic tag and attached satellite tag, fish that are alive with a transmitting acoustic tag and detached satellite tag, and fish that are alive with a non-transmitting acoustic 
tag and attached satellite tag in each of areas 1-4, respectively. These are followed by fisheries recaptures in areas 1-4 (states 13-16), states corresponding to fish that are alive 
with a non-transmitting acoustic tag and detached satellite tag in areas 1-4 (states 17-20), and a catch-all state (21) for fish that died from natural or tagging-related mortality 
(Table 1). Below, transition probabilities to states 1 to 20 are shown only for k=1 and k=K for clarity of presentation. Columns 1 to 12 of the state equation (tagged fish that 
are alive in different areas with at least one functioning tag) are given by:

Columns 13 to 21 (fishery recaptures, fish with zero functioning tags, and natural and tagging-related mortalities) are given by:
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For example, the cell in the first row and first column θ1,1,s(t)
φt,1ρt(1−ωi,t−r[i]+1)(1−κi,t−r[i]+1) gives the probability to remain in 
area 1 in time step t, survive fishing and natural mortality in 
area 1 during time step t, and survive tagging related mortality 
(applicable if t=ri), with an acoustic tag that keeps transmitting 
and satellite tag that remains attached. The term in the first row 
and twelfth column θ1,K,s(t)φt,Kρtωi,t−r[i]+1(1−κi,t−r[i]+1) gives the 
probability to move from area 1 to area K  in time step t, survive 
fishing and natural mortality in area K during time step t, and 
survive tagging related mortality (applicable if t=ri), with an 
acoustic tag that stops transmitting and a satellite tag that remains 

attached. The term θ ϕ ρ2 1 1
1

1

1, , ,
,

,
s t t

y t

y t
t

F

Z( )
( )

( )
−( )  gives the probability 

to move from area 2 to area 1  in time step t, be killed by fishing 
in area 1 during time step t, and survive tagging related mortality 
(applicable if t=ri). An asterisk in the final column (superscripts 
indicate the row index) denotes terms that gather together 
fish that died from natural causes or tagging related mortality,  
e.g.:

etc.

Observation Models
For the 96 ABT tagged with both an acoustic transmitter and 
satellite tag, acoustic detection and satellite tag data were encoded 
as an observation vector with a “1” for the assigned observation 
type during that time step (Table  1). For time steps with only 
acoustic detections, fish were assigned as an acoustic detection in 
the area with the most detection days during that time step. Since 
multiple acoustic detections can occur in one day, a daily area was 
first selected as that with the highest number of detections for 
each day in the time step. Likewise, for fish with only satellite tag 
locations in a given time step, the observation state was assigned 
as a satellite tag detection in the area with the highest number of 
daily detections (as indicated by the tag track locations). Where the 
maximum number of daily detection was observed in more than 
one area (for single or double tagged animals), the area with the 
first observation in that time step was selected. For double tagged  
animals, daily observations for both tag types were first counted 
by area. If acoustic and satellite tags indicated different areas on  
a given day, the acoustic tag observation was given precedence  
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because of the higher precision associated with this observation 
type. It was then determined whether the animal was detected 
via either the acoustic tag only, satellite tag only, or both tags 
in the area with the most daily observations in that time step, 
and state was assigned accordingly. Daily area observations 
differed approximately 30% of the time when both observation 
types were available. These differences occurred primarily for 
observations around the Cabot Strait Line that traverses the main 
entrance to the Gulf of St. Lawrence, and are presumably a result 
of geolocation error for satellite tag positions. Similarly, if a fish 
was recaptured, its observation state was assigned as a recapture 
in the reported area. A final observation type corresponds 
to no detections or recaptures of an individual at time t. The 
observed state for individual i at time t, Yi,t, is assumed to follow 
a Categorical (i.e. Multinomial with sample size = 1) distribution:

where π yr t k( ),  is the year- and area-specific acoustic tag detection 
probability; πsat is the detection probability for satellite tagged 
bluefin tuna and λ is the tag reporting rate for fisheries recaptures. 
In our study, detection probabilities are phenomenological 
parameters that combine the probability for a fish to encounter 
the receiver (i.e. to move within the receiver’s range of detection) 
with the probability to be detected, given that it is in range. We 
included an additional observation model for PAT tag pop-up, 
since this is an observation on the tag itself (in contrast to the 
main observation equation that describes observations of tagged 
animals). The observed pop-up event at time t for a satellite tag on 
individual i, Oi,t  was assumed to follow a Bernoulli distribution: 
Oi,t~Bernoulli(κi,t), t=2,…N,  where Oi,t was coded as a 0 prior to 
the time-step of PAT tag pop-up, 1 in the time-step of pop-up and 
NA thereafter.

Estimation
Inference was performed using the R package Nimble (de 
Valpine et al., 2017), version 12.1. A burn-in period of 200,000 
iterations was used, after which 100,000 more iterations were 
kept and thinned at an interval of 50 to yield a final sample of 
2000 iterations. Two chains were run in parallel for all models; 
the Watanabe–Akaike information criterion (WAIC, Watanabe, 
2010) was recorded to allow comparison of alternative model 
structures. Convergence was checked using the Gelman-Rubin 
diagnostic (Gelman and Rubin, 1992) that compares the variance 
within and between multiple parallel MCMC chains, and by 

visual inspection of trace plots. A threshold of 1.1 for Gelman-
Rubin point estimates was used as a criterion for assessing 
convergence using Gelman-Rubin diagnostics. Model fit was 
assessed by monitoring posterior predictive distributions for 
individual animal states. See Supporting Information for details.

Simulation Study
The precision and bias in parameter estimates were evaluated 
for data sets comprising only acoustic tags, or double tagging 
with acoustic and satellite tags, and for two different acoustic tag 
detection scenarios. Data were simulated from the observation 
equations described above, with a slightly simplified process 
model, where all satellite tags were assumed to transmit perfectly 
at release. The model used to simulate data has four spatial areas, 
with releases of tagged animals occurring in only one of the four 

areas (Table S3). We used 50 data sets for each of four simulation 
studies corresponding to acoustic tag detection probability and 
tag type scenarios. The first acoustic tag detection scenario was 
designed to loosely resemble the situation for ABT tagged in 
the Gulf of St Lawrence, with two areas having relatively high 
tag detection probabilities, and two with low probabilities. The 
second acoustic tag detection scenario had low tag detection 
probabilities in all areas (Table S4). Each simulated data set 
contained simulated observations for 100 tagged fish, where all 
had either an acoustic tag only, or both acoustic and satellite tags, 
depending on the tag type scenario. True parameter values used 
to generate simulated data sets can be found in Tables S4–S6. 
Priors used in estimation using simulated data sets were the 
same as those specified in Table  2. Estimation was performed 
using parallel computing with the runjags.study function in the 
runjags package in R (Denwood, 2016). runjags calls the autorun.
jags function, which periodically assesses convergence (using the 
Gelman-Rubin statistic) and extends the simulation if necessary. 
For our application, it was necessary to modify the runjags.
study function slightly to increase the maximum time argument 
used by autorun.jags, to ensure simulations were not terminated 
before convergence. The median relative error (MRE, %) plus 
10th and 90th percentiles of relative error (%) were computed 
for posterior medians for different parameter groups (natural 
mortality, fishing mortality rates, movement rates etc.). The 
proportion of simulations in which the true parameter value was 
contained within the 95% posterior probability interval was also 
determined for different parameter groups.
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RESULTS

The 188 acoustic tags used in this analysis acquired over 50,000 
detections across 1225 receiver locations over the course of the 
study. Times from tagging until last acoustic detection ranged 
from 0 to 1812 days (Figure  2). Of the 188 tags, 7% were not 
detected after tagging, 91% were detected during the first year 
post release, and 65% were detected after the first year post 
release.

All 361 monitored parameters in acoustic tag only models 
had Gelman-Rubin point estimates below 1.10, for both fishing 
mortality prior runs. All 367 monitored parameters in model runs 
with both acoustic and satellite tagging data also had Gelman-
Rubin point estimates below 1.10, indicating convergence to the 
posterior distribution.

Results below are for base case fishing mortality runs 
unless otherwise stated. Additional figures for the alternative 
F prior run are provided in the Supporting Information  
(Figures S2–S6). 

Combining acoustic and satellite tagging data yielded a 
posterior distribution for the instantaneous annual natural 
mortality rate with a median of 0.17 yr-1 and standard deviation of 
0.22 (95% posterior probability interval 0.10 yr-1-0.25 yr-1), while 
under the alternative higher fishing mortality prior (Table 2), the 
prior distribution was updated to a posterior distribution with 
median 0.10 yr-1 and standard deviation of 0.30 (95% posterior 
probability interval 0.04 yr-1-0.16 yr-1). Using acoustic tagging 
data only, a posterior median of 0.17 yr-1 (standard deviation of 
0.22, 95% posterior probability interval 0.10 yr-1-0.24 yr-1) was 
obtained using the base case fishing mortality prior (Figure 3). 

Using combined acoustic and satellite tag data, the base case 
fishing mortality model run had a WAIC value (average for both 
chains) of 2325.5, while the higher fishing mortality run had a 
WAIC value of 2328. Akaike weights (Burnham and Anderson 
2002) based on the difference in WAIC (analogous to model 
posterior probabilities conditional on future expected data, 
McElreath, 2020) were 0.78 for the base case F model and 0.22 for 
the higher F model. WAIC values should however be interpreted 

with caution since WAIC treats individual observations as 
independent (McElreath, 2020), which may not apply here given 
the likely temporal correlation of observations.

Based on acoustic and satellite tagged ABT, seasonal estimates 
of the rate of movement into and out of the GSL showed the 
highest rates of departure from the GSL during autumn (Sep-
Oct and Nov-Dec time steps, Figure  4), whilst residency was 
highest during the summer months. During September-October, 
tagged ABT were estimated to move predominantly into the 
western Atlantic area, but later into the year movements to the 
Gulf of Mexico and eastern Atlantic and Mediterranean became 
more prevalent (Figure 4). Tagged ABT in the western Atlantic 
showed net movement into the GSL (area 1) in late spring 
(May-June, Figure  5) consistent with observations at receivers 
at the Cabot, Canso and Belle Isle Straits. This was followed 
by increased residency during autumn. Movement rates to the 
Gulf of Mexico and eastern Atlantic and Mediterranean (areas 
3 and 4) were highest during winter (January-February and 
November-December time steps), although movement rates 
to the eastern Atlantic area were low throughout the year. 
Estimated movement probabilities out of the GOM model 
area to the western Atlantic and GSL were highest during late 
spring (between April and May and July and to August), while 
movement rates to the eastern Atlantic and Mediterranean area 
were updated to low values during the whole year. Residency in 
the GOM area was highest during winter months (November to 
February, Figure 6). Estimated movement rates out of the eastern 
Atlantic and Mediterranean model area (area 4) were updated to 
a lesser extent than the other areas, owing to few tagged animals 
moving into this area. Movement rates to the GSL and western 
Atlantic areas were highest during May-June and July-August, 
while movement rates to the GOM area were updated to very low 
values in spring and summer but reflected the prior in autumn 
and winter. Residency in the eastern Atlantic and Mediterranean 
area was highest during January to April (Figure 7).

In the Gulf of St. Lawrence, the model area with the highest 
acoustic receiver coverage, estimates of seasonal movement 
rates from the model with acoustic tags only were very similar 

FIGURE 2 | Times at larges (days from deployment to last acoustic detection) by deployment year for acoustic tagged ABT in this analysis (N=188). Note that the 
maximum possible times to last detection for tags released in 2017 and 2018 and approximately 1100 and 750 days, respectively.
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to those for both tag types combined, for most area and 
season combinations. However, there were some exceptions, 
for example, 95% posterior probability intervals did not 
overlap for movements to the western and eastern Atlantic in 
September-October (Figures  4B, D). Utilising both acoustic 
and satellite tagging data led to higher precision in movement 
rate estimates for movements originating in the western Atlantic 

and particularly for those originating in the Gulf of Mexico 
(Figures 5, 6). For movements originating in the eastern Atlantic 
and Mediterranean area, movement rate estimates with acoustic 
tagging data only generally showed higher precision during the 
first half of the year and in November-December, with much 
higher estimated residency in the eastern Atlantic area during 
winter (November-December).

A B

FIGURE 3 | Prior (dashed grey line) and posterior pdfs for annual natural mortality. Solid black line, acoustic and satellite tagging data: solid blue line, acoustic 
tagging data only. (A) base case fishing mortality prior; (B) fishing mortality prior based on results from Kurota et al. 2009.

B

C

D

A

FIGURE 4  | Posterior distributions for movement rates out of the Gulf of St. Lawrence area (model area 1). Black, acoustic and satellite tagged Atlantic bluefin tuna; 
blue, acoustic only tagged Atlantic bluefin tuna. Horizontal lines inside each box denote medians, while the box ends denote the interquartile range. Whiskers extend 
to the 2.5th and 97.5th percentiles. (A), Gulf of St. Lawrence to Gulf of St. Lawrence; (B); Gulf of St. Lawrence to western Atlantic; (C), Gulf of St. Lawrence to Gulf of 
Mexico; (D), Gulf of St. Lawrence to eastern Atlantic and Mediterranean.
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Estimated detection probabilities at acoustic receivers were 
much higher in the GSL box than outside (Figure 8), reflecting 
a higher density of receivers in this area, and the fact that tagged 
ABT must cross continuous receiver arrays/lines to enter and 
exit the GSL. Acoustic detection probabilities were estimated to 
have increased during the first years of the study in areas 1 and 2, 
reflecting increased placement of receivers in the OTN and other 

projects early on in the study. Estimated detection probabilities 
in the GSL were slightly lower from 2017 onwards. Using 
both acoustic and satellite tagging data, the estimated acoustic 
detection probabilities for the Gulf of Mexico reflected the 
prior in the first year of the study (2009), after which estimated 
posterior distributions were low for the duration of the study. In 
the eastern Atlantic and Mediterranean region they were updated 

B

C

D

A

FIGURE 5 | Posterior distributions for movement rates out of the western Atlantic area (model area 2). Black, acoustic and satellite tagged Atlantic bluefin tuna; 
blue, acoustic only tagged Atlantic bluefin tuna. Horizontal lines inside each box denote medians, while the box ends denote the interquartile range. Whiskers extend 
to the 2.5th and 97.5th percentiles. (A), western Atlantic to Gulf of St. Lawrence; (B), western Atlantic to western Atlantic; (C), western Atlantic to Gulf of Mexico;  
(D), western Atlantic to eastern Atlantic and Mediterranean.

B

C

D

A

FIGURE 6 | Posterior distributions for movement rates out of the Gulf of Mexico area (model area 3). Black, acoustic and satellite tagged Atlantic bluefin tuna; blue, 
acoustic only tagged Atlantic bluefin tuna. Horizontal lines inside each box denote medians, while the box ends denote the interquartile range. Whiskers extend to 
the 2.5th and 97.5th percentiles. (A), Gulf of Mexico to Gulf of St. Lawrence; (B), Gulf of Mexico to western Atlantic; (C), Gulf of Mexico to Gulf of Mexico; (D), Gulf of 
Mexico to eastern Atlantic and Mediterranean.
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strongly to low values between 2013 and 2020 for the model with 
both tag acoustic and satellite tag data, but reflected the prior to 
some extent at the beginning of the study. Adding satellite tagging 
observations to the model generally improved the precision of 
acoustic detection probability estimates, particularly for the Gulf 
of Mexico area (Figure 8). However, in the eastern Atlantic and 
Mediterranean area, posterior estimates from the model with 

acoustic tag data only were more precise than those using both 
data types (Figure 8).

The estimated detection probability for satellite tags (not area-
specific) was high (posterior median of 0.99, standard deviation 
of 0.01), reflecting the informative prior. The uninformative prior 
for the tag reporting rate was updated to a posterior distribution 
with median 0.35 and standard deviation 0.12.

B

C

D

A

FIGURE 8 | Posterior estimates of acoustic tag detection probabilities by year. (A) Gulf of St. Lawrence (model area 1); (B), western Atlantic (model area 2); (C), Gulf 
of Mexico (model area 3); (D) eastern Atlantic and Mediterranean (model area 4). Black boxes, acoustic and satellite tagging data. Blue boxes, acoustic tagging data 
only. Horizontal lines inside each box denote medians, while the box ends denote the interquartile range. Whiskers extend to the 2.5th and 97.5th percentile.

B
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D

A

FIGURE 7 | Posterior distributions for movement rates out of the eastern Atlantic and Mediterranean area (model area 4). Black, acoustic and satellite tagged 
Atlantic bluefin tuna; blue, acoustic only tagged Atlantic bluefin tuna. Horizontal lines inside each box denote medians, while the box ends denote the interquartile 
range. Whiskers extend to the 2.5th and 97.5th percentiles. (A), eastern Atlantic and Mediterranean to Gulf of St. Lawrence; (B), eastern Atlantic and Mediterranean 
to western Atlantic; (C), eastern Atlantic and Mediterranean to Gulf of Mexico; (D), eastern Atlantic and Mediterranean to eastern Atlantic and Mediterranean.
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Simulation Study
In simulation studies with acoustic tags only, estimates of natural 
mortality were positively biased, although given the sample size 
of 100 tagged animals, the 95% posterior probability interval 
always contained the true value, regardless of the acoustic 
detection probability scenario (Tables  3, 4; Figures S7, S8). 
When acoustic detection probabilities in two of the areas were 
relatively high, acoustic tag detection probability estimates 
were on average slightly positively biased. However, this bias 
became very large when the acoustic tag detection probabilities 
were low in all areas (Table  4). Double-tagging with satellite 
tags reduced bias in estimates of natural mortality rates by 
nearly half (Tables 3, 4; Figures S7, S8). As with acoustic tags 
only, 95% posterior probability intervals for natural mortality 
from all simulations contained the true value (Tables  3, 4). 
Inclusion of satellite tagging data also reduced bias in estimates 
of acoustic tag detection probabilities, although to a lesser 
extent than for natural mortality and movement rates (Tables 3, 
4; Figures S9,  S10).

The median bias for fishing mortality rate was slightly 
negative for both tag detection scenarios. Seasonal movement 
rate parameter estimates showed a fairly large range of bias, with 
the largest biases corresponding to movements originating in 

area 4, as well as residency in area 3; these biases were greater 
in the scenario with lower acoustic tag detection probabilities 
(scenario 2) (Figures S1, S12). Biases in seasonal movement 
estimates were generally reduced by inclusion of satellite tagging 
data, particularly for the areas with low acoustic tag detection 
probabilities (Tables 3, 4; Figures S11, S12).

DISCUSSION

Monitoring movements of highly migratory fish moving across 
large spatial scales has advanced as telemetry systems increase 
our capacity to study individually tagged fish. Deriving useful 
population dynamic model outputs from these large scale tag 
deployments is important for design and implementation of 
sustainable management regimes. In this experiment, we use two 
types of electronic tags to improve estimates of natural mortality 
on Atlantic Bluefin tuna foraging in the Gulf of St. Lawrence, 
Canada. Data collected in population dynamics studies such 
as tagging experiments often give rise to noisy output about 
the demographic process under investigation: in this context 
state-space models offer a flexible and integrated framework for 
model fitting. The multi-state Bayesian mark-recapture model 

TABLE 3  | Percent median relative error with interdecile range (inner 90th percentile) in parentheses and proportion of target parameter values with posterior 95% 
probability intervals, for simulated data sets with high acoustic tag detection probability in areas 1 and 2.

Parameter group Median relative error and interdecile range Proportion within 95% PI

Acoustic tags only Acoustic and satellite tags Acoustic tags only Acoustic and satellite tags

Natural mortality rate 24.07 (1.74 - 55.56) 13.31 (-13.56 - 67.37) 1.00 1.00
Acoustic detection probabilities 8.05 (-45.97 - 233.19) 2.34 (-48.62 - 171.07) 0.93 0.96
Fishing mortality rates -6.3 (-48.7 - 65.18) -8.75 (-45.77 - 74.55) 0.99 0.99
Seasonal movement rates -2.8 (-76.93 - 328.06) -5.42 (-80.24 - 157.44) 0.95 0.96
Acoustic tag life -2.4 (-6.02 - 12.3) -0.03 (-7.76 - 7.93) 1.00 1.00
Tag reporting rate -1.65 (-30.33 - 6.38) -2.36 (-24.81 - 10.47) 1.00 1.00
Tagging related mortality rate -16.84 (-50.81 - 25.42) -11.83 (-38.4 - 27.95) 1.00 0.99
Satellite tag life N/A 1.79 (-3.94 - 10.71) N/A 0.92
Satellite tag detection probability N/A -0.4 (-1.67 - 1.31) N/A 0.98

N/A, not applicable.

TABLE 4 | Percent median relative error with interdecile range (inner 90th percentile) in parentheses and proportion of target parameter values with posterior 95% 
probability intervals, for simulated data sets with low acoustic tag detection probability in all areas.

Parameter group Median relative error and interdecile range Proportion within 95% PI

Acoustic tags only Acoustic and satellite tags Acoustic tags only Acoustic and satellite tags

Natural mortality rate 32.22 (7 - 65.36) 17.6 (-14.58 - 53.05) 1.00 1.00
Acoustic detection probabilities 258.89 (-4.37 - 2545.99) 221.22 (-1.44 - 2672.69) 0.90 0.89
Fishing mortality rates -7.02 (-49.33 - 92.83) -7.72 (-45.24 - 76.36) 0.99 0.99
Seasonal movement rates 15.45 (-82.78 - 583) -6.22 (-78.37 - 176.89) 0.92 0.96
Acoustic tag life -1.31 (-2.39 - 6.47) -0.07 (-2.44 - 3.37) 1.00 1.00
Tag reporting rate -1.95 (-23.46 - 8.83) -2.16 (-23.52 - 9.3) 1.00 1.00
Tagging related mortality rate -1.81 (-13.06 - 14.31) -11.82 (-42.83 - 19.5) 1.00 1.00
Satellite tag life N/A 1.1 (-6.18 - 8.58) N/A 0.96
Satellite tag detection probability N/A -0.01 (-1.73 - 1.6) N/A 0.96

NA, not applicable.
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presented above provides a robust foundation for estimating 
rates of survival and seasonal movement in electronically tagged 
ABT. Using a Bayesian approach allows incorporation of prior 
knowledge from other studies or sources that may be particularly 
advantageous in data-limited situations. For example, in this 
study, prior information from earlier published archival, 
conventional and satellite tag studies (e.g. Kurota et  al., 2009; 
Wilson et  al., 2015) was utilised for estimation of the natural 
mortality and tagging-related mortality rates.

Acoustic tagging methods utilized here appear to have good 
potential for estimation of survival rates, although for ABT, 
auxiliary information on tag reporting rates would help to 
separate fishing and natural mortality. Posterior median survival 
estimates (from natural causes) for Atlantic bluefin tuna (0.84 
yr-1 and 0.91 yr-1 using data from both acoustic and satellite tags) 
suggest a relatively low rate of mortality from natural causes, 
consistent with the fact that two-thirds of individuals in this 
study had a curved fork length ≥ 250 cm at tagging (5th and 
95th percentiles for length at tagging were 210cm and 293cm, 
respectively, corresponding approximately to age 10 years (5th 
percentile) and older (based on Richards growth parameters 
in Ailloud et al., 2017). For comparison, ICCAT uses a natural 
mortality rate of 0.10 yr-1 for eastern Atlantic bluefin aged 20 
and older, and for western Atlantic bluefin aged 14 and over. 
Values used in the stock assessment are thus slightly lower than 
the natural mortality estimates obtained in this study under the 
base case F prior, and very similar for the alternative higher F 
prior, although rates are not directly comparable since our study 
includes a minority of fish younger than 14 years at tagging (~ 
23% based on Richards growth parameters in Ailloud et  al., 
2017). The natural mortality rate estimate reported here under 
the base case F prior is also slightly higher than those obtained 
using a simpler model in Block et  al., 2019. The increase in 
estimates of natural mortality could reflect recent influx of 
eastern (Mediterranean) origin fish to the study area that are 
then tagged but subsequently emigrate away from areas with 
good acoustic receiver coverage (e.g. the Gulf of St. Lawrence) for 
longer periods of time. Alternatively, they may reflect temporal 
changes in fishing mortality and/or tag reporting rates that are 
not picked up by the model: fishing quotas have been rising in the 
past few years in the regions studied and the tag reporting rate is 
assumed to be time invariant in our models. Finally, the model 
could be picking up a real decrease in underlying survival from 
natural causes in recent years (e.g increased predation, or an 
ageing population of tagged fish). Survival estimates from an age-
structured model with both acoustic and satellite tagging data 
(results not shown) indicated higher levels of natural mortality 
for the oldest fish in our study (ages 21 years and older compared 
with ages below 20 years).

Evaluation of the model with simulated data indicated that 
relatively unbiased estimates of survival can be obtained using 
both acoustic and satellite tags, and where acoustic tag detection 
rates are high in some model areas, as they are estimated to be 
in this study e.g. around the Halifax Line. This is in accordance 
with the findings of earlier studies demonstrating the utility 
of multistate mark–recapture models for generating unbiased 
estimates of fishing and natural mortality rates using simulated 

data (Hightower and Harris, 2017). In our study, the ability to 
obtain unbiased and precise parameter estimates was affected 
by the amount of data available, so that parameter estimates for 
areas 3 and 4 which took longer to “colonize” in the simulated 
data sets given releases in area 1 were both more uncertain and 
more biased as they reflected the prior to a larger degree. Results 
from the simulation study indicated that estimates of acoustic tag 
detection rates may be strongly biased when detection rates are 
very low in all modelled areas. This was associated with more 
(positively) biased estimates of natural mortality, although all 
95% posterior probability intervals for natural mortality still 
contained the true value given the simulated sample size of 
100 animals. The proportion of true values falling within the 
95% posterior probability interval is a function of the amount 
of available data, although we did not evaluate at which sample 
size this proportion would fall below 0.95 using simulated data. 
For comparison, our estimates for ABT were based on 188 
tagged animals.

Adding simulated data from satellite tags decreased bias in 
estimates of acoustic tag detection rates when true detection 
rates were low, although not to the extent expected. This 
appeared to be because of confounding with other model 
parameters, particularly the parameters controlling the spread 
of the distribution for time until last tag transmission based on 
pre-programmed tag life. Even in the low acoustic tag detection 
scenario, biases when using acoustic tag data only were much 
higher for acoustic detection probabilities compared with other 
parameters, indicating potential for improving knowledge about 
parameters of interest using acoustic tagging data even under 
sub-optimal conditions. Overall, the results from the simulation 
study suggest that double tagging can yield improvements in the 
accuracy of survival rate estimates (from ~24% median relative 
error with single acoustic tags to ~13% when there is a high 
probability of acoustic tag detection in at least one model area). 
With uninformative priors for tag reporting rates and acoustic tag 
detection probabilities, we obtained positively biased estimates 
of natural mortality in all scenarios evaluated. It is likely that 
experiments to estimate electronic tag reporting rates could help 
to increase the accuracy of survival estimates in models such as 
ours by providing information that allows better separation of 
fishing and natural mortality.

We chose to focus on what we believe to be the main reason 
for tag detections to cease for fish that are still alive for each tag 
type, namely, reaching the end of pre-programmed transmitter 
life for acoustic tags, and reaching the pre-programmed pop-up 
for satellite tags. Thus, we assume that shedding of acoustic tags 
with two dart attachments is negligible during the course of 
the experiment. Estimates of natural mortality presented above 
may therefore be conflated with tag shedding (acoustic tags). 
A single tag reporting rate is estimated for recaptures of tagged 
ABT (which can be thought of as corresponding mainly to the 
tag reporting rate for acoustic tags since a large proportion of 
satellite tags are expected to have released before recapture). Since 
tag shedding of acoustic tags is not accounted for, recaptured 
fish are assumed to have an acoustic tag (that may or may not 
be functioning). However, in reality, recaptured fish can have 
different combinations of tags attached, with different reporting 
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rates for acoustic and satellite tags (e.g. depending on the reward 
available). These processes could be described in more detail by 
i) accounting for the shedding of acoustic tags in the model and 
ii) adding information on the number of tags still attached for 
recaptured fish. Although explicit modelling of the tag shedding 
process within the framework presented above (e.g. Block et al., 
2019) could potentially improve survival estimates, it would 
significantly increase the state-space for the model for double 
tagged (acoustic and satellite tagged) ABT.

The model presented in this manuscript represents one 
hypothesis out of many possibilities about the scales of temporal 
and spatial variation for model parameters. For example, we chose 
to estimate seasonal movement rates by two-month periods. 
Earlier studies using electronic tagging data have demonstrated 
that ABT follow predictable patterns of seasonal movement 
within each year (Block et al., 2001; Walli et al., 2009), and our 
choice aims to capture seasonal movement patterns in and out of 
the Gulf of St Lawrence, whilst avoiding over-parameterization. 
Likewise, acoustic tag detection rates are expected to differ 
among areas and over time (reflecting receiver placement and 
recruitment and loss of receivers in the study). Here, we chose 
to look at annual variations in acoustic detection probabilities, 
which seemed like an appropriate scale to capture changes in 
receiver deployment and avoid over-parameterization. Tag 
reporting rates were assumed to be time-invariant because of 
the relatively short study duration (12 years) and to facilitate 
estimation of fishing mortality rates (Kurota et al., 2009). We also 
assume that rates of fishing mortality vary by area, but rates of 
natural mortality do not (given the size of these fish, they have 
few predators and we do not anticipate appreciable differences 
in natural mortality among areas – we expect much larger spatial 
variations in fishing mortality than natural mortality). This 
is a fairly standard assumption in spatially-structured mark-
recapture models (e.g. Michielsens et  al., 2006; Kurota et  al., 
2009; Liljestrand et al., 2019). It would be desirable to evaluate a 
broader range of model structural hypotheses in future, but this 
was beyond the scope of this paper.

An important future model development is to utilise 
newly available stock-of origin information, which could be 
incorporated in the model to investigate stock-specific patterns 
of mortality and seasonal movement as well as detection patterns 
(e.g. if fish from different stocks migrate along different routes 
and have differing probabilities to encounter acoustic receivers). 
Evaluating bias in parameter estimates when the assumption of 
equal capture probabilities using simulated data would present 
an interesting extension to the simulation study and would 
indicate whether development of a model with unequal acoustic 
detection probabilities for Atlantic bluefin is supported.

Tracking large and highly migratory vertebrates in the oceans 
over long time-frames is challenging. We have demonstrated 
the capacity to monitor the population of a large commercially 
important fish species over the long-term by applying consistent 
techniques and maintenance of underwater receiver networks. 
Continuing studies as ours that provide information detailed 
information on spatial habitat use and ecology may become 
increasingly important in the light of climatic changes and 

potential distribution shifts (Perry et  al., 2005; Poloczanska 
et al., 2016). Examining fine scale behavior within regions where 
receivers are present is also possible with additional efforts in 
modelling, and could provide important information on drivers 
of population dynamics in a changing ocean.
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